The dielectric function of dense plasmas is treated within a many-particle linear response theory beyond the RPA. In the long-wavelength limit, the dynamical collision frequency can be introduced which is expressed in terms of momentum and force auto-correlation functions (ACF). Analytical expressions for the collision frequency are considered for bulk plasmas, and reasonable agreement with MD simulations is found. Different applications such as Thomson scattering, reflectivity, electric and magnetic transport properties are discussed. In particular, experimental results for the static conductivity of inert gas plasmas are now well described.
Introduction
The plasma state is the most abundant state of matter in the universe, and the properties of plasma are subject of many investigations. The approach to the plasma state considered in the present paper is based on a quantum statistical treatment of a charged particle system, where interactions are governed by the Coulomb law. In contrast to high-temperature, low-density ideal plasmas where correlations can be neglected, we are interested in moderately to strongly coupled plasmas where the interaction energy e 2 /(4π 0 d) of particles with charge e, at average distance d given by the electron density n e , is comparable or larger than the thermal energy (1)
characterizes the nonideality of the plasma and is in the order of 1 or larger for non-ideal plasmas. Strongly coupled plasmas occur in astrophysical objects such as compact stars and planets. In laboratory experiments with schock compressed or laser excited condensed matter, plasmas within the warm dense matter regime are produced. They are characterized by a density of 10 20 − 10 26 particles/cm 3 and temperatures in the region of 10 3 − 10 8 K. Such plasmas are of relevance for inertial fusion experiments which is one of the emerging fields in recent research. Another application is the production of nanoplasmas by irradiation of matter with high intense, short pulse laser in the visible or VUV/X-ray region. Currently, the FLASH facility at DESY, Hamburg, is available with wavelengths ranging from 7-50 nm in the VUV region.
1 A XFEL at Hamburg is proposed 2 as well as a free electron laser at the Stanford Linear Acceleration Center (SLAC).
3 In particular, we will consider laser excited small clusters. A fascinating issue is the transition from condensed matter as described in solid state physics to the so-called warm dense matter.
For the sake of simplicity, we consider here only singly charged ions and restrict ourselves to the nonrelativistic case. We are interested in the dielectric properties ruling the interaction of the strongly coupled Coulomb system with the radiation field. 4 Optical properties are of interest for plasma diagnostics but also for excitation and absorption processes. Thus the approach given here allows to consider the static and dynamic conductivity, scattering processes like Thomson scattering, [5] [6] [7] reflectivity, 8,9 bremsstrahlung radiation 10,11 and optical transitions. 12, 13 Further effects which arise in magnetic fields such as Hall effect or spectral line shapes in strong magnetic fields can also be considered, 14 but will not be presented here. A more delicate question is the relation between classical and quantum description. Quantum effects have two origins. On the one hand, we have the statistical treatment where the thermal wavelength occurs, describing the degeneracy of the constituents of the plasma, in particular electrons. Here we can introduce the degeneracy parameter
describing the ratio of thermal energy to the Fermi energy. On the other hand, the quantum effect is related to the interaction where we have bound states and scattering phase shifts to be calculated from a quantum approach. A corresponding parameter is the ratio of the thermal energy to the binding energy. We can include all quantum effects in a systematic way using a quantum statistical approach as shown in Sec. 2. Within linear response theory, transport coefficients are expressed in terms of equilibrium correlation functions which can be evaluated using the Green function formalism. However, this is a perturbative approach with respect to the interaction, and can be applied only for Γ ≤ 1. Alternatively, MD simulations are applicable for the evaluation of equilibrium correlation functions at any coupling strengths, but are based on a classical treatment. To understand the optical properties such as absorption, excitation, reflection, scattering and emission of light we investigate different ACFs such as dipole, current and force, see Sec. 3.
Of particular interest are microplasmas produced in small clusters if they are irradiated by intense short-pulse laser beams. Recently, MD simulations codes have been developed to describe the properties and the dynamical evolution of such excited clusters. 15, 16 Vlasov and VUU simulations 17 were also applied to study the interaction of short laser pulses with clusters. Calculations for Na icosahedrons are shown in Sec. 4. Compared with bulk plasmas, the ACFs show a more complex structure which is related to different, single-particle properties, Sec. 5, as well as collective, excitation modes, Sec. 6. The position and the damping rates of the excitations are discussed in Sec. 7. Varying the number of atoms bound in a cluster, we will investigate size effects for the cluster properties and compare with bulk properties.
Dielectric and Optical Response
The response of homogeneous, two-component plasma to external fields is given by the dielectric function
where the plasma frequency is given by ω pl = n e e 2 / 0 m e . Assuming local thermal equilibrium, and according to the fluctuation dissipation theorem, 4, 8, 18 the calculation of dynamical conductivity σ(k, ω) and dynamical collision frequency ν(k, ω) can be performed within linear response theory evaluating the current-current correlation function 19 or, more generally, force-force and dipole-dipole ACFs. In particular, we will consider the long-wavelength limit k → 0 where only the frequency dependence remains. The frequency-dependent conductivity is given by equilibrium ACFs of the current j or the velocity˙ R of the charge carriers (because of the large ion to electron mass fraction, we can restrict ourselves to electrons only when considering electronic properties)
where the Laplace transform of the correlation functions are defined by equilibrium averages according to
The equilibrium correlation functions can be evaluated using quantum statistical methods such as thermodynamic Green functions. Within perturbation theory, a diagram representation can be given. Performing appropriate partial summations, different effects such as dynamical screening, strong collisions or higher correlations are included. This approach treats quantum effects in a rigorous way. Analytical expressions in the weak-coupling limit can be found, but are questionable for coupling parameters Γ ≥ 1. On the other hand, MD simulations can be performed based on a classical description, calculating the trajectory of the system in the phase space of N particles and replacing the ensemble average by the time average, details are given below in Sec. 4 . Using an appropriate pseudopotential, quantum effects can be included, and good agreement of results between analytical quantum statistical calculations and MD simulations has been found.
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Numerically as well as analytically, it is of advantage to use the force ACFs instead of the current ACFs since they are directly related to the dynamical collision frequency 22 for the different relavant scattering mechanisms between electrons and electrons (ee), ions (ei) and atoms (ea), respectively,
This formalism has been applied to different phenomena such as the conductivity in fully ionized plasmas, or to the evaluation of optical properties such as refraction index n(ω) and absorption coefficient α(ω) for bulk according to
which allows to calculate bremsstrahlung 10 and spectral line profiles.
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The dynamical structure factor has been evaluated according to
and comparison with MD simulations has been performed. [20] [21] [22] An important issue is the account of correlations in determining Thomson scattering cross section
where the transfer wave number k = k 0 − k 1 is given by the difference between incident and scattered wave number, ω = ω 0 − ω 1 , and r e is the classical electron radius. Decomposing the dynamical structure factor into different contributions, the free electron contribution can be analyzed to infer the temperature and density of the plasma. 5, 7 An adequate treatment of interaction and collisions is needed to provide relations valid also in the non-ideal plasma region. In particular, at very high densities, Thomson scattering is one of the favoured methods for plasma diagnostics since X-rays can penetrate the plasma at condensed matter densities.
Electrical Conductivity of Partially Ionized Argon Plasmas
As an example for recent progress in evaluating transport coefficients in non-ideal plasmas, we consider the electrical conductivity of partially ionized inert gas plasmas.
23, 24 We report in particularly on argon. The conductivity of a fully ionized, non-ideal plasma has been investigated extensively, and reasonable agreement between analytical calculations, MD simulations and experiments with shock-induced dense plasmas has been obtained. 4 However, experiments are generally performed involving partially ionized plasmas. An important issue is the inclusion of the interaction with bound states when calculating the electrical conductivity.
The dc electrical conductivity is related to the static collision frequency according to
As shown in Eq. (5), the collision frequency can be decomposed into different parts determined by the different interactions present. In particular, the interaction between electrons and atoms will give a contribution to the collision frequency and lead to a considerable reduction of the electrical conductivity. Using empirical cross sections for the electron-atom scattering, it is possible to incorporate special effects such as the Ramsauer minimum which is characteristic for the electron scattering by inert gases. 24 Employing these empirical cross sections instead of the polarization potential approximation, 24 it was possible to develop a consistent description of the collision frequency and find excellent agreement with the corresponding conductivity. Results for argon are shown in Fig. 1 .
Similar excellent agreement with experimental results has been obtained also for other inert gases. 24 Whereas the inclusion of bound states in evaluating the dynamical collision frequency is an open problem at present, this special example of static problems gives an idea how the transition from the fully ionized to a partially ionized non-ideal plasma can be performed.
Laser Excited Clusters
Recently, clusters at nearly solid densities are more accessible to experimental investigations 25 using laser intensities of 10 13 − 10 16 Wcm −2 . We are interested in the cluster size dependence of the collisional damping rates in comparison to bulk systems. Laser excited Na 55 , Na 147 and Na 309 nano-clusters irradiated by a short pulse laser, are simulated using a MD code. 16 Initially, electrons are positioned on top of singly charged ions, see Fig. 2 , for which isocahedral geometry is assumed. MD simulations were performed, using an error function pseudo-potential
where λ = 6.02 a B in order to reproduce the correct ionisation energy I P = V erf (r → 0) = −5.1 eV for sodium. Absorbing energy from the electromagnetic field, electrons become delocalized within the cluster, forming a nano-plasma. We consider a cosine square laser pulse with intensities of I = 0. cluster radius r c = 5/3 i r 2 i which marks the spatial extension of the cluster. The scale of electron motion is in the fs region. On the time scale of 100 fs, some electrons escape this cluster extension r c thus charging the cluster. Ion motion becomes essential on the timescale of ps, leading to the expansion of the cluster. Figure 3 illustrates the expansion of a Na 55 cluster due to a 100 fs laser pulse of I = 0.5 · 10 12 Wcm −2 intensity. Fig. 4 . Evolution of the Na 55 cluster radius after irradiation with a 100 fs laser pulse of different intensities I. After 800 fs, the time of freezing the ions t freeze , full MD simulations are continued by restricted MD simulations where the cluster radius does not expand any further.
During the expansion of the excited cluster, we assume local thermal equilibrium because of the small electron mass compared with the Na ions. In the following, we applied a restricted MD simulations scheme. For this, ion positions were frozen after an expansion time t freeze , in order to analyze nano-plasmas at different thermodynamical parameters. Restricted MD simulations at those given ion positions allow to consider only electron dynamics. The evolution of cluster radius r c is shown in Fig. 4 for three parameter sets. Different intensities at otherwise same conditions of pulse duration and starting geometry, leads to different densities and temperatures.
Single-Time Properties
After the freezing time, the electrons are allowed to equilibrate until a constant temperature T e and cluster charge Z is reached. Here, we consider these single-time properties of the nanoplasma in quasi-equilibrium.
Equilibration of electron temperature, calculated as the mean kinetic energy of the electrons remaining within the cluster, is shown in Fig. 5 over a time period of 100 ns for a Na +11 55 cluster. The freezing time was t freeze = 100 fs and a radius of r c = 16 a B was obtained. The insert of Fig. 5 illustrates that the momentum distribution
with K = 1/(2m e k B T e ) taken from all times after 20 ns, has a Boltzmann like behaviour and the temperature can be deducted accordingly. An electron temperature of T e = 1. The density profile of the electrons remaining within the cluster can be deducted from the MD simulations. Figure 6 shows the result for a varying number of ions. A plateau is observed in the core which extends with increasing cluster size. Alternatively, the electron density can be calculated via a mean field potential (n e ∼ exp(−U (r)/k B T e ), where U (r) is extracted from MD simulations), see Fig. 7 for a Na 55 cluster.
Two-Time Properties
Once local equilibrium is reached, we have also determined two-time properties. We calculated the momentum auto-correlation function (ACF) for the total momentum P e (t) = simulations
with N τ = 1 · 10 6 the number of averages. The normalized Laplace transformation of the momentum ACF Eq. (12) is
The Laplace transforms of the momentum ACFs, Eq. (13), for three different cluster sizes with the same parameters as used in Fig. 6 , are shown in Fig. 8 . A double resonance structure is observed. A shift of the resonances is seen which depends not only on the cluster size but also on other cluster parameters as temperature, ionization degree and electron density. In Fig. 9 , the time evolution of the momentum ACF spectrum for the Na 55 cluster is shown for different freezing times, thus following the expansion of the cluster and investigating different instants of the evolution. Considering a local equilibrium at each time step, the momentum ACF was calculated with restricted MD simulations. The freezing times considered were the time directly after the end of the laser interaction and four times later, taking a time step of ∆t = 50 fs, till 200 fs afterwards. The electron density decreases, because the ion geometry expansion evolves with each time step, which also dilutes the electron gas. Collective modes can be seen for all electron densities, with changing positions and widths. In a two-component bulk plasma, the dielectric function is given by the frequency dependent ACFK(ω) via
with the plasma frequency ω 2 pl = e 2 n e /(ε 0 m e ). Considering a generalized Drude approximation for the dielectric function, 4, 8 Eq. (3), the momentum ACF can be directly related to the collision frequency ν(ω)
which has a Lorentzian form. Thus, information about the collisions in the systems can be gathered. We would like to apply this approach to finite systems using correlation functions to determine optical properties. As can be seen from the structure of the ACFs in Fig. 8 and Fig. 9 , a single Lorentzian fit as in bulk according to Eq. (15) is not possible in the case of clusters.
Collision Frequency from Bulk to Cluster 4637
We will consider two resonance frequencies ω 0 and ω 1 and respective collision frequencies ν 0 and ν 1 which reproduce the width of the resonances. Both resonances are fitted assuming a double Lorentzian parametrizing positions and widths of the resonances. In Table 1 one can see the increase of the collision frequency with increasing size of charged cluster. This is in agreement with Ramunno et al. 26 By analyzing the damping rates of the ACF in larger clusters, they found collision frequencies lower compared to bulk systems. In general, the behavior of the dynamical collision frequency should be deducted when comparing the full spectrum with the resonance structure in the collisionless case. Restricted MD simulations of Na 55 with suppressed electron collisions (mean field) taking 6 test particles per electron leads to sharper resonance peaks, as one can see in Fig. 10 . This indicates that collisions should lead to broadening of the resonances. 
Collective Excitations
One can calculate the collective modes of a spherically symmetric hydrodynamic electron system. Assuming harmonic oscillations a( r, t) = a(r)e −iωt e z in z-direction with a radially dependent amplitude a(r), the eigenfrequencies can be calculated. The following equation of motion has to be solved: m e¨ a( r, t) = −m e ω 2 a(r)e −iωt e z = ∆F U,z ( r, t) e z (16) where the change of the force ∆ F U ( r, t) is due to the mean field produced by the change of the surrounding electron cloud ∆n e (r) which can be expressed as
using the hydrodynamic equation of continuity. An additional term due to the changing pressure has been neglected so far. Then we find the following differential equation
In order to calculate the eigenfrequencies, this equation was symmetrized, using Ψ(r) = a(r) n eq e (r),
Introducing a normalized set of basic functions Ψ i (r)Ψ j (r)d 3 r = δ ij , the eigenvalues of the resonance frequency can be calculated via diagonalization, similar to the Ritz variational approach in quantum mechanics. After transformation from variable z to the radial distance r, we find
In the following, we use Hermitean basis functions with a width parameter b as the normalized basis set, For the case shown in Fig. 5 , calculations of the resonance frequencies were done. The density profile from the restricted MD simulations was taken as the equilibrium density n eq e (r). Analyzing the Laplace transfom of the electron momentum ACF, three collective modes were found at ω 0 = 6.16 fs −1 , ω 1 = 3.80 fs −1 and ω 2 = 1.98 fs −1 . Using now the hydrodynamical approach, the eigenvalues for the resonance frequencies in dependence on the width parameter b have been calculated and illustrated in Fig. 11 . For b = 6 a B , the resonance frequencies are maximal. They were calculated as ω 0 = 4.59 fs −1 , ω 1 = 2.23 fs −1 and ω 2 = 0.82 fs −1 . The ratio between the resonance frequencies is of the same order as for the results taken directly from the simulations. However, the position is too low. Further investigations are necessary to improve this result, e.g. using a more involved hydrodynamical approach taking into account corrections due to pressure gradients. The spatially dependent amplitude a(r) was calculated via ψ(r) = a(r) n e (r). The results are shown in Fig. 12. 
Discussion and Conclusion
We have shown that the evaluation of equilibrium ACF for the electron momentum or the force allows to calculate the dynamical collision frequency which determines the dielectric function. Having the dielectric function to our disposal, different optical and transport properties of dense plasmas can be determined. Applications are dc conductivity, absorption, emission, reflection, bremsstrahlung, and Thomson scattering.
In particular, the methods developed to investigate homogenous non-ideal plasmas can also be applied to finite nano-plasmas, produced by laser irradiation of clusters. Using restricted MD simulations, we determined single-time properties (density and momentum distribution) as well as two-time properties, in particular the momentum ACF spectrum. The single-time properties are well reproduced from equilibrium statistics. The momentum ACF shows a peak structure which is explained via collective excitations of the nano-plasma. Within exploratory calculations, collective modes are obtained, solving the self consistent mean field equation. The exact position of the peaks, however, needs further investigations.
Of interest are the damping rates which are related to the collision frequency. We found that damping rates obtained by Lorentzian fits to the excitation spectrum can be identified, which show a dependence on the size of the cluster. The collision frequency is increasing with increasing cluster size due to more frequent collisions with other particles in the average. A smooth transition to the bulk behavior is expected, see Ref. 26 . More systematic investigations are needed to derive the size effects in the collision frequency, which will be the subject of future work.
